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An exploratory study on the histological appearance of
nodal structure and leaf trace development has been made from
paraffin section of elm twigs. The nodal vasculature of pri¬
mary growth in genus Ulmus is extremely varied between elm
species, and at different nodes of twigs of the same species.
This study has attempted to carry out a critical Investigation
of the nodal structure with its leaf trace development in sever¬
al species, involving both the resistant and susceptible ones.
The significant nodes in elm trees are structurally
associated with eccentric buds and petioles of leaves in
reference to twigs by the relationship of their vasculature.
This primary growth applied to the node is a structural union
of petiole and stelar vascular supply. The feature of
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conductive vascular system is the so-called leaf traces,
which depart from the stele to the leaf, or conversely enter
the stem from the petiole, and which have been revealed and
characterized in the nodal structure.
For U. americana or some other elm species, the median
traces were found to be divided and, when they approached the
petiole, either of two lateral traces was undulating in nature
at a node. The undulating lateral trace would emerge at high
or low levels in the stem where it occurred closely in associa¬
tion with the median trace at the stele. With the result of
occurrence and position of axillary bud, some variations in
lateral trace features are noted to differ between species.
By the differentiation of tracheary elements in leal traces,
the metaxylem in the outermost zone of leaf trace differentiates
tangentially in continuity with the early-formed protoxylem.
01 the pattern of tracheary element organization in leaf trace,
the average number of parenchyma cells intercalated between the
variable number of vessel rows has revealed that a significant
relationship of vessel member features in parenchyma-tracheary
elements is found to differ between species.
However, as compared among the nine species of elm trees in
their leaf traces, several significant differences in anatomical
structure were noted. The tracheary elements of leaf trace are
really one thing of importance but, as a matter of fact, the
development of leal trace is something else.
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In North America and European countries, where the Ameri¬
can and other highly prized elm species occur, they are in
jeopardy of destruction by the highly devastating Dutch elm
disease. Some elm species are known to be highly susceptible
and some are known to possess varying degrees of resistance.
The nature of this resistance is not understood. It has been
suggested that in vascular wilts, such as the Dutch elm
disease, resistance may be based on rapid host response to
the presence of the fungal pathogen (Beckman, 1964, 1966).
Another view holds that resistance to Dutch elm disease may
be due to differences in host anatomical structure (Elgersma,
1967, 1970; McNabb et al., 1970; Sinclair et al., 1975).
One of the roadblocks towards understanding the nature
of resistance to Dutch elm disease is the lack of knowledge
about its mechanism of induction. A prominent view holds
that leaf wilt and subsequent death of a tree is due to the
blockage of water conducting elements. Another view holds
that host antagonistic substances elaborated by the fungus
interfere with leaf cell permeability and causes water loss
and wilting.
It has seemed apparent from several studies that vascular
occlusion is a prominent if not principal factor in the
Induction of wilting in the Dutch elm disease. Salters et al.
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(1969) support this view and suggest that, heretofore,
studies along this line have concentrated on the wrong
anatomical site in the elm shoot system. They suggest that
leaf traces of stem internodes are the critical points where
vascular occlusions would have the greatest impact.
Based on this premise, it would be useful to know whether
elms regarded as susceptible differ in leaf trace anatomy from
those that are resistant. Information on this subject is
especially pertinent since McNabb et al. (1970) and Sinclair
et al. (1975) have suggested that anatomical markers for
Dutch elm disease resistance may be recognized. With these
concepts in mind this investigation was conceived.
The main objective of the study involves a critical
comparison of leaf trace; structure and development pattern
in susceptible and resistant species of elm as well as in
susceptible and resistant varieties within a species. By
comparing number of vessel members, vessel diameters in leaf
traces, abundance of parenchyma between vessel rows in leaf
traces, and vessel wall sculpturing pattern it is anticipated
that some conclusion may be drawn relative to the existence
of any differences in water conducting capacity by leaf
traces when the nodal structure of susceptible and resistant
species or varieties are compared.
CHAPTER II
REVIEW OF LITERATURE
Numerous studies have been made on nodal structure in
dicotyledons. Few of these studies have dealt, however, with
the nodal structure in the family Ulmaceae and the genus
Ulmus. Information of this nature may be of especial signi¬
ficance as an aid in understanding the Dutch elm disease syn¬
drome and in understanding the nature of disease resistance
in elm.
At the present time information on the nodal structure
in Ulmus is found mainly in the reports of Sinnott (1914),
Tippo (1938), Metcalfe and Chalk (1950), and Smithson (1954).
Smithson was the first investigator to describe in any detail
leaf trace structue in Ulmus. In his study of the relation¬
ship between the development of winged cork and leaf traces in
the stem of Ulmus x hollandica Mill., he devoted some attention
to leaf trace pattern in this species. Smithson showed that
there are three leaf traces, a median and two laterals, which
occur at each node or throughout a part of the internode in
the stem of Ulmus. He reported that the median trace occurs
directly opposite the petiole, and the lateral traces occur
opposite each other and at right angles to the median trace.
He found that the three traces are involved in the formation
of petiolar strands together with stipule strands. Within
the stem Smithson (1954) found that the formation of primary
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xylem in leaf traces, during their extension growth, is much
more than in any other part of the vascular cylinder. The
leaf traces were referred to as a part of the primary vascu¬
lar tissue of the stem from the point where they connect to
the foliar petiole into the region below the nodes. He also
reported that leaf traces anastomose at a node and pectinate
in the near region of an internode to form continuous strands
which successively appear in the petiole. The median trace
was found to maintain its continuity in the stem from its
point of departure into the petiole to a point immediately
above the next lowest node. A forking of this trace was
noted as the course of this trace followed through the second
successive internodal region. According to Smithson, the
forks continue downward as discrete strands between the
bundles of the third lower internode. He pointed out that
the lateral traces appear to be slightly later in vascular
differentiation and enter the vascular cylinder at a slightly
lower level than the median trace. The lateral traces were
reported to follow an undulating course in approaching the
median trace of the first internode.
Sinnott (1914) was one of the first plant anatomists to
investigate nodal anatomy in the angiosperms. He was primarily
interested in phylogeny as it might be associated with nodal
structure. Among the dicotyledonous plants studied by Sinnott,
members of the family Ulmaceae were reported to have a nodal
structure of the trilacunar type. According to Sinnott, the
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trilacunar node is a primitive structure whereas the other
two types, unilacunar and multilacunar nodes, are derived as
well as advanced. Also, a fourth type was recognized. It
was unilacunar in nature but resulted from the departure of
two traces from a common gap. According to Marsden and
Bailey (1950), such a type of nodal feature could be the most
primitive of any other types of nodes existing in all vascular
plants, including ferns. It has been suggested that this
double-trace-unilacunar node, discovered in cotyledonary
plants, maintains the persistence of the most primitive
characteristics in evolution.
Sinnott and Bailey (1914) conducted other investigations
and discovered that there is a close relationship between the
type of nodal structure and the presence of stipules in the
dicotyledons. They indicated that plants with trilacunar
nodes usually had stipules, whereas they were absent in some
plants with unilacunar nodes and many plants with multilacunar
nodes. In the development of lateral leaf traces the stipule
was in a position directly opposite to the place of departure
of these traces and was in close association with them.
Tippo (1938) conducted a study to show the relationships
of some families to the Moraceae. The family Ulmaceae was
involved in this study of comparative xylem element structure
of dicotyledonous plants. The angle of end walls of vessel
members and the measurement of length and diameter of vessel
members in Ulmaceae was obtained with statistical methods.
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Data on secondary elements were developed in the same manner.
There are few reports in the literature on nodal anatomy
in relation to petiole structure for the genus Ulmus. The
only previous report is that of Metcalfe and Chalk (1950),
They reported that the vascular system of the foliar petiole
in Ulmus consisted of a ring of xylem and phloem. They have
indicated that leaf traces from the stem fuse, finally, to
form a ring as they depart from the stele. A cylindric,
closed strand occurs at the base of the petiole where xylem
in the vascular strand consists mainly of short, congested,
radial rows of vessels.
Esau (1954) has reported on xylem differentiation and
development within leaf traces. She reported that in some
plants studied xylem was initiated from the procambial strands
at the base of the immature leaf. This region that initiated
differentiation was referred to as a point where differentia¬
tion progressed respectively acropetally into the leaf and
basipetally into the vascular system of the stem. The newly
differentiated xylem tissues join those of the older traces
in the stem. It was ascertained that the acropetally differen¬
tiated xylem advances toward that of basipetally differentiated
xylem and both are finally united as a whole structure within
the leaf trace.
In the histological studies of nodal structure of U.
americana and U. pumila conducted by Richardson and Frederick
(1964), these species were also found to have three leaf
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traces, namely, a median trace and two lateral traces, and
three leaf gaps. They reported that as the leaf traces
emerged from the stele of the stem, they united and entered
the petiole. The median trace was found to be larger than
either lateral trace and was elliptical in cross-sectional
outline. The lateral traces were found to be approximately
1/2 to 2/3 the size of the median trace, depending on the
level in stem, and were reported to be spherical to oval in
cross-sectional outline. The median trace was reported to
depart from the stele directly opposite the point where the
petiole is located and connects directly to it. The lateral
traces depart from the stele at angles of 60 to 90 degrees on
each side of the median trace. As Richardson and Frederick
(1964) indicated, the lateral traces are directly opposite
each other at places in the stelar ring. These traces follow
a course upward through the cortex and into the petiole where
they connect to form a solid ring of vascular tissue. The
other structure associated with nodal vasculature, the bud
traces, arise directly above the region where the leaf traces
enter the petiole.
When the development of leaf traces of U. amerlcana and
U. pumila were compared, in the study of Richardson and
Frederick (1964), it was shown that there are differences in
the level below the base of the petiole where leaf traces
originate and differences in the course which leaf traces
take towards the petiole. As shown in their studies of U.
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americana, leaf traces originate and appear in the cortex
from approximately 800 to 1600 microns below the base of the
petiole. Both the median trace and the right lateral trace
were said to appear in such a position and remained outside
their respective leaf gaps as they approach the base of the
petiole. The lateral traces follow a course towards the
median trace, and all the traces enter the petiole together.
In U. piimila it was reported that leaf traces emerge and
take a course through the cortex from approximately 1800 to
3200 microns below the base of the petiole. Both lateral
traces were found to emerge and depart from the stele at the
same level, accompanied by the median trace at a slightly lower
level. In accordance with the observation in U. pumila it was
shown that the lateral traces take a much more undulating
course as they approach the median trace, whereas in U.
americana the course taken is more direct.
When Richardson and Frederick (1964) compared the width of
U, americana leaf traces with those of U. pumila they were
found to be larger in diameter in the former. In addition,
the median trace in U. americana was found to divide into two
units before entering the petiole. Few similar cases were
found in U. pumila.
Observations by Richardson and Frederick (1964) on stipu-
lar traces revealed that the lateral petiolar strands and
stipular traces are fused. In the development of stipular
traces in U. americana, it was found that they follow a course
from the stipule that results in their joining the lateral
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leaf traces at the base of the petiole. This location of the
trace union is below the place where stipules are attached to
the stem externally. In some instances the traces were noted
to occur in pairs and join the lateral trace in the same plane
where the petiole appears.
Richardson and Frederick (1964) reported that in leaf
traces of U. amerlcana, vessels appear to be in uniseriate
rows in the early metaxylem with biseriate rows being present
in the late metaxylem. The number of elements in traces in
the stele was reported to be different from the number in
the trace after its departure from the stele. A slight de¬
crease in number of elements was found in the traces after
their emergence into the cortex. However, as the traces
entered into the petiole, an increase of the element number
occurred.
In leaf traces of U. pumila, when compared with those of
U. americana, the type element and number found in the proto-
xylem and first metaxylem was found to be similar. Even as
the growing season progressed, the number of tracheary ele¬
ments in leaf traces and in the petiole was reported to remain
unchanged.
In the differentiation and development of tracheary ele¬
ments in the petiole of U. americana, the rows of vessels
were found to be uniseriate initially but eventually become
2-8 elements broad in the metaxylem. Finally, an average of
about 4 elements were found in the late metaxylem. The rows
10
of elements in U. pumlla were found to be uniseriate initially
with 3-5 elements eventually forming. These rows were noted
to increase to as many as 8 to 12 elements total with a final
average of about 6 to 8 in the late metaxylem. The number of
elements in radial direction per row in U. americana was re¬
ported to vary from 9 to 15 and in U. pumila from 11 to 21.
Richardson and Frederick (1964) also noted the parenchyma
cell distribution in relation to tracheary elements. In the
absence of fibers, leaf traces in U. americana were found to
be wider tangentially than in U. pumila. Four or 5 parenchyma
cells were found between the rows of vessels in leaf traces of
U. americana. In leaf traces of U. pumila one to 3 parenchyma
cells were found between vessel rows. A slight increase in the
number of parenchyma cell lines was found when the trace
entered the cortex in U. americana but the number generally
remained constant in the course of the leaf trace of U. pumila.
According to Richardson and Frederick, with the larger number
of tracheary elements in traces and petioles, and the smaller
pore diameter of vessels in U. pumila, this species probably
had a greater water transport capacity through its leal traces
than those in U. americana.
Frederick (1950) investigated histological changes in the
xylem of U. americana caused by infections of Ceratocystis ulml
and in response to the culture filtrate of the pathogen obtained
in vitro. He noted that disease symptoms developing in U.
americana as a result of the culture filtrate were similar to
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those in seedling trees inoculated with the fungus. Frederick
suggested that both responses were due to water deficits re¬
sulting from similar histological changes.
According to Salters et al. (1969), it has been noted that
primary xylem elements of the internodal region in infected
twigs of U. americana contain abundant occlusions. Such oc¬
clusions in leaf traces and petioles would result in a serious
decrease in water movement to the leaf blade. It was suggested
that significant clues to differences in resistance might be
found if careful studies were made of nodal vascular anatomy
of resistant and susceptible species.
CHAPTER III
MATERIALS AND METHODS
Elm trees from several different locations were sampled
for this study. These trees were located in Georgia, Ohio,
and Massachusetts. The Georgia trees were located in Piedmont
Park in Atlanta, the Atlanta University Center campus, and
from the campus of Emory University in Decatur, Georgia. Ohio
samples were obtained from the United States Department of
Agriculture, Tree and Ornamental Plants Laboratory, Delaware,
Ohio, through the courtesy of Dr. Lawrence R. Schreiber. The
Massachusetts material was obtained from the Shade Tree
Laboratory in Amherst, Massachusetts through the courtesy of
Dr. Francis Holmes.
Nine species of elm were included in this study. They
were Ulmus americana, U. alata, U. carpinifolia, U. hollandica,
U. glabra, U. parvlfolia, U. pumila, U. rubra and U.
Wilsoniana. Some of the specimens of U. americana, and all
of the samples of U. carpinifolia, U. glabra, and U. wilsoniana
were obtained from Ohio. Some samples of U. hollandica and U.
parvifolla were obtained from Massachusetts. Samples of U.
rubra were provided by Dr. William H. Murdy of the Department
of Biology at Emory University. Samples of U. pumila and
some samples of U. americana were collected from trees in the
Atlanta University Center. Samples of U. alata and some U.
hollandica samples were collected in Piedmont Park. Specimens
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obtained locally were collected periodically from early spring,
beginning in March, throughout the growing season of 1975.
The Ohio specimens were all collected in the latter part of
July, 1975.
Sample collection was accomplished by removing twigs
bearing 4 to 6 leaves, with the uppermost leaf only partially
developed, from seedlings and small trees. These twigs were
labeled, placed in plastic bags, and carried to the laboratory.
Each twig was then transversely divided into nodal sections of
uniform lengths and the sections were placed immediately in
small screw-cap vials containing the fixative, formalin-acetic
acid-ethyl alcohol (FAA)(Sass, 1958). Nodes were kept sepa¬
rate from each other, that is, all second nodes from twigs
collected from the same tree were placed together in the same
vial, etc. Each nodal section was approximately 5 mm long and
included a portion of the petiole and the axillary bud. The
nodal sections of the Massachusetts material were longer and
not as uniform. All sections were stored in FAA until the
dehydration and embedding process was begun.
The paraffin method (Johansen, 1940; Jensen, 1962) was
followed in preparing specimens for histological study. All
sections were held in the killing and fixing fluid (FAA) for
at least 24 hours before beginning the paraffin procedure.
Subsequently, they were transfered to 50% ethyl alcohol (two
changes) to begin the dehydration schedule. The tertiary-butyl
alcohol (TEA) series of Sass (1958) was followed in the
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dehydration process. Sections were held in each solution of
the TEA series for at least four hours and no more than six
hours. They were subsequently transferred to a vial containing
a mixture of equal volumes of TEA and paraffin oil and held
over night in this mixture in a 58 C oven. Afterwards they
were placed in pure paraffin oil and infiltrated for a similar
period of time. Pieces of Fisher Tissue Mat (m.p. 53 C) were
added to the vial containing sections in pure paraffin oil and
infiltration was carried out at 60 C for 6 to 12 hours. The
paraffin oil-paraffin mixture was replaced with melted Tissue
Mat (53 C), changed once, and then changed 2 to 3 times in high
temperature (58-60 C) Tissue Mat over a period of two days.
When infiltration was quite complete, the sections were
removed from the oven and embedded in high temperature Tissue
Mat. Elocks were chilled overnight in a refrigerator, trimmed
to a convenient size, and affixed to plastic mounting blocks
for sectioning. Paraffin sections were cut at 10 microns on
an American Optical Rotary Microtome.
Serial transections of stem segments were made. Paraffin
ribbons were subdivided into several sections, usually 8 pieces
per ribbon section, and these ribbon sections were floated in
4% formalin on clean glass slides. The surface of the slides
on which the ribbon sections were mounted were first coated
with a thin film of Haupt's adhesive (Sass, 1958), After the
ribbon sections were positioned in the formalin solution they
were straightened by warming, and the excess solution was
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drained off. The slides were then placed on a 40 C warming
plate and allowed to remain overnight.
All sections were stained by a staining schedule pattern
modified from the procedures of Jensen (1962). Sections were
first stained in one percent safranin in 50% ethyl alcohol,
and counter-stained in a 0.2% fast green in 95% ethyl alcohol.
Sections affixed to slides were prepared for staining by passing
through changes of absolute xylol to a graded series of ethyl
alcohol (100%, 95%, 70%, 50%). Xylol was used to remove the
paraffin and the descending alcohol series partially hydrated
the sections. During the rehydration process, sections were
left in each alcohol solution for 5 min. From 50% alcohol the
sections were placed in a safranin-alcohol solution for stain¬
ing. Sections were held in the safranin solution for from
18 to 24 hours. Afterwards the sections were washed briefly
in running water or, if overstained, they were held for seve¬
ral minutes in 50% alcohol. Sections were then taken back
through the alcohol series to a 0.2% solution of fast green for
8 to 10 seconds. Following counter-staining, sections were
transferred to 95% alcohol and dehydration was completed by
passing the slides through changes of absolute alcohol to
xylol. All sections were mounted in Kleermount.
Transections and longitudinal sections were made of nodal
segments for histological study. They were prepared by serially
sectioning, at 10 microns, from one mm above the node through
the node to a point at least two mm below the node for the
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1st to the 3rd nodes, or 3 mm below the node for the 4th to
the 6th nodes. With this procedure the level or position of
any section could be determined, and the point or approximate
distance at which the leaf traces departed from the stele and
traversed the internodal region to the petiole also could be
ascertained.
Longitudinal sections were prepared by orienting the
stem segment in a plane at right angles to the petiole and
parallel to the stele. Sections oriented in this manner would
reveal one leaf trace and its level of departure from the
stele below the node. At the nodes, sections prepared in this
manner also revealed the transectional outline of the lateral
or of all three leaf traces.
Microscopic observations of the prepared sections were
made with an American Optical Microstar, new Series 10, micro¬
scope, Measurements of diameter of xylem elements of leaf
traces were made with an ocular micrometer calibrated for the
objectives of the microscope used. Photographs of leaf trace
structure were taken on Kodak Plus-X 35 mm film with a camera
mounted on a Wild M-20 trinocular microscope. Whole stem
transections showing the leaf trace relationships with the
stele were taken with an Exakta camera, with extension-tubes,
mounted on a Wild M-20 binocular microscope.
CHAPTER IV
OBSERVATIONS AND RESULTS
The Anatomy of Nodal Structure
The node is defined, in flowering plants, as the region
of a stem where leaves are inserted. The genus Ulmus is
characterized by having a single leaf at each node, a leaf
arrangement that is classified as alternate. In each leaf
axis an eccentrically positioned bud is located. The leaves
are spirally arranged on the stem axis and have a 1/2
phyllotaxy. Buds are positioned to the left (or right) of
the leaf petiole in the axis of each leaf. A pair of stipules
are present opposite each other at the base of the leaf
petiole. Since the stipules usually absciss during the early
stages of twig growth, only stipule scars are normally
present at the node.
Internally, the nodal region of Ulmus is characterized by
the presence of three leaf traces, a median and two laterals.
This pattern is diagrammed in Fig. 1 and illustrated in
Figs. 2-7. Opposite each leaf trace is a leaf gap (Figs.
2B - D, 3D, 4C). The leaf traces consist of tracheary
elements and parenchyma, v/hile the leaf gaps consist of
parenchyma cells only.
As shown in Figs. 2-7, the median trace is located in
a position in the stem that is directly opposite the petiole
that it supplies. Each lateral trace emerges originally from
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Fig. 1. Diagram of pattern of development of three
leaf traces in U. americana showing the
relationship of undulating lateral traces of
twig to locations of buds, and probable new
leaf traces to old ones. Note the lunar symbol,
ULT representing undulating lateral traces,
wide bar, MT - median traces, narrow bar, LT -
lateral traces, circular spots, BD - buds, OL-
old leaves, and NL - new leaves.
36 5 4
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Fig. 2. Transverse sections of stem at first node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note
the petiole (PT) at right side of the axillary
bud (AB). X 30.
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Fig. 3. Transverse sections of stem at second node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note
the petiole (PT) at left side of the axillary
bud (AB). X 28.
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Fig. 4, Transverse sections of stem at third node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note
the petiole (PT) at right side of the axillary
bud (AB). X 28.
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Fig. 5. Transverse sections of stem at fourth node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note
the petiole (PT) at left side of the axillary
bud (AB). X 28.
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Fig. 6. Transverse sections of stem at fifth node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note
the petiole (PT) at right side of the axillary
bud (AB). X 28.
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Fig. 7. Transverse sections of stem at sixth node of
U. americana twig showing leaf trace structure
and development, MT - median trace; LT - left
lateral trace; RT - right lateral trace. Note




Fig. 8. Transverse sections of stem of U. americana
showing first through fourth nodes at point
where initial emergence or departure of three
leaf traces from the stele occurs in Figs A -
D corresponding respectively to Figs. 2F, 3F,
4D, and 5D, MT - median trace, RT - right
lateral trace, LT - left lateral trace. X 60.
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Fig. 9. Transverse sections of stem of U. americana
at fifth and sixth nodes showing the emergence
or departure of three leaf traces from the
stele. Figs. A and B correspond to Figs. 6D
and 7D, MT - median trace, RT - right lateral
trace, LT - left lateral trace. X 60.
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a position 90 degrees from the median trace and directly
opposite each other. The median trace is broader and more
oval in outline than the two lateral traces, and it departs
directly into the petiole from its position in the stele.
The nodal relationship of the stem axis with the axil¬
lary bud and the petiole at the first node of a young twig
of U. americana is shown in Fig. 2A, and the relationship of
these structures in lower nodes is shown in Figs. 3A - B,
4A, 5A, 6A, and 7A. In each instance an eccentric position
for the bud is noted. In Figs. 2B - F, 3C - F, 4B - D,
5B - D, 6B ^ D, and 7B - D the course of the leaf traces from
the first through the sixth nodes, and from their point of
passage into the petiole downward to their point of insertion,
is shown. For leaf trace supplies from the first node down¬
ward through the third node it is noted that the three leaf
traces begin their departure from the stelar cylinder at about
the same level (Figs. 2E - F, 3E -F, 4D). Leaf traces for the
fourth through the sixth nodes emerge from the stele at
somewhat different levels (Figs. 5C - D, 6D, and 7D).
After their emergence from the stele, the courses that
the leaf traces follow upward towards the petiole base differ
with each leaf trace at respective nodes (Figs. 2B - C,
3C - D, 4B - C, 5B - C, 6B - C, and 7B - C). The median
trace maintains a position outside of but parallel with the
plane of the cylinder of the stele. Beginning with the first
or uppermost node the pattern followed by the lateral traces
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varies according to nodes. For the odd-numbered nodes,
counting downward, the right lateral trace (RLT) assumes
an upward course, outside the stele in the cortex, at a
sharply inclined angle but in a plane generally parallel
with the plane of the stele. For the alternating or even-
numbered nodes, the lateral trace to the right of the petiole,
the right lateral trace (RLT) follows a more distinctive
course. As it leaves the stele, its path through the cortex
is more undulating so it follows an inclined plane that is
at times more horizontal than vertical (Figs. 3C, 5B, and 7B).
In odd-numbered nodes the left lateral trace (LLT) is the one
that follows this undulating pattern as it moves upward to
the petiole base.
The position of the axillary bud has a relationship to
the undulating lateral trace (Figs. 2A - B, 3B - C). For
the odd-numbered nodes the eccentrically positioned axillary
bud is directly opposite to or on the same side of the nodes
as the LLT (Figs. 2A - B, 4A - B, and 6A - B). The reverse is
true for the even numbered nodes. In these instances the
undulating trace is on the same side as the RLT (Figs. 3A - C,
5A - B, and 7A - B). A diagram of this axillary bud and
lateral leaf trace arrangement through the first six nodes of
a U. americana twig is presented in Fig. 1.
When the general nodal structure of other varieties of
U. americana and of other elm species is compared with that
of the American elm studied as typical, little variation is
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noted. The form of the leaf traces, their origin in the
stele, and the course followed to their connecting petiole,
follow, with only slight variations, the pattern described
previously. Those variations noted involve the general
organization of the median trace and the position of the
undulating lateral trace. In U. americana the undulating
leaf trace feature, though often not as evident at the
first node, becomes clearly evident in lower nodes (Figs. 2B,
3G, 4B, 5B, 6B, and 7B). Also, in the American elm the undu¬
lating trace alternates between the LLT and RLT with odd- and
even-numbered nodes as previously indicated (Table 1).
Some variation in the nodal features involving the MLT
and the position of the undulating leaf trace are noted when
the other elm species are compared with U. americana (Table 2).
The condition occurring at the second node of twig of each of
these species was compared with that of the second node of
the American elm. As shown in Table 2, in only two of the
species studied was the median trace at this node found to be
divided as it is in the American elm. These species were
U. rubra and U. wilsoniana. In the other six species stu¬
died the median trace at the second node was not divided.
The relationship between the position and occurrence of
the undulating leaf trace at corresponding nodes of the seve¬
ral species also differed (Table 2). In the American elm the
undulating trace at the second node represents the RLT. The
position is the same in U. alata, U. hollandica, and U.
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Table 1. Leaf Trace Organization and Lateral Trace
Course Pattern in the First Six Nodes of
Twig of U. americana.







MTO - Median trace organization
ULT - Undulating lateral trace
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Table 2. Comparison of Median Trace Organization and
Lateral Trace Course at Second Node of
Species of Ulmus.
Species MTO ULT
U. alata Undivided Right
U. americana Divided Right
U. carpinifolia Undivided None
U. glabra Undivided None
U. hollandica Undivided Right
U. parvifolia Undivided None
U. pumila Undivided None
U. rubra Divided Left
U. wilsoniana Divided Right
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wllsoniana. In U. rubra the undulating trace at this node
is the LLT. In U. carpinifolia, U. glabra. U. parvifolia.
and U. pumila, neither lateral trace is undulating in
nature (Table 2).
Differentiation of Tracheary Elements
in Leaf Traces and Petioles
The direction of differentiation of tracheary elements
in the leaf and their associated petiolar elements has been
noted in some plants to be both acropetal and basipetal
(Esau, 1954). Development of these tracheary elements from
the petiole base into petiole and leaf blade in the elm is
acropetal. This development pattern results in an increase
in the number of tracheary elements per row of xylem in the
petiole. When the leaf vascular supply connects to its
associated leaf trace supply in the stele, tracheary elements
from the base of the petiole are basipetal. With the basipetal
development of tracheary elements it is a decrease in the num¬
ber of rows of vessels in the leaf traces that enter the stele.
In addition to the course that leaf traces may take after
their emergence from the stele, the relative length of these
traces has been determined from their emergence up to the
point at the base of the petiole where trace fusion occurs.
For U. amerlcana differences have been noted in the relative
lengths of each of the three leaf traces (Table 3) at a node
and, when lengths of individual leaf traces are compared at
successive nodes, their lengths also are noted to differ.
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Table 3. Leaf Trace Lengths through the First Six Nodes of








First 800 - 1040 640 - 880 640 - 880
Second 1800 - 1960 1440 - 1600 1440 - 1600
Third 1280 - 1680 1600 - 1600 - 1760
Fourth 2080 - 2160 2080 - 960 -
Fifth 1600 - 1640 2540 - 2540 - 2700
Sixth - - -
MLT - Median Leaf Trace
LLT - Left Lateral Trace
RLT - Right Lateral Trace
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For example, in Table 3 it may be noted that at the first
and second internodes the MLT and RLT are essentially the
same lengths. The average length of the LLT is appreciably
greater. However, comparable variations is noted to occur
at the lower nodes. Data in Table 3 also show that leaf
traces differ in their individual lengths at different nodes.
The shortest leaf trace lengths occur at the first node.
Lengths for each trace become progressively longer, the
corresponding node becomes the more distal from the shoot
apex. One would anticipate that leaf traces more proximal
to the shoot apex would be shorter than those more distal
because of differences in internodal elongation during twig
growth. However, since twigs had essentially achieved their
maximum growth in length at the time of collection, it is
unlikely that any other substantial differences would be found
in internodal and, concommitantly, leaf trace lengths in fully
mature twigs.
Leaf trace lengths for the other species of Ulmus studied
have been compared with those of U. americana. These results
are presented in Table 4. Significant differences have been
found in general leaf trace lengths between species, and
individual leaf trace lengths within species. U. americana
and U. rubra have been found to have the longest of each of
the three leaf traces. In U. americana the LLT length range
was 1800-1960 microns. The length range for this leaf trace
in U. rubra was slightly shorter. The MLT and RLT in U.
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Table 4. Comparison of Leaf Trace Lengths at Second Nodes
of Nearly Mature Twigs of Nine Species of Ulmus.
Leaf Trace Length in Microns
Species LLT MLT RLT
U. alata 1080 1080 - 960 -
U. americana 1800 - 1960 1440 - 1600 1440 - 1600
U. carpinifolia - 1010 - 1010 -
U. glabra 1150 - 1200 910 - 990 910 - 990
U. hollandica 1700 - 1780 1110 - 1190 1350 - 1420
U. parvifolia 640 - 640 - 760 -
U. pumila 1060 - 1140 920 - 980 920 -
U. rubra 1660 - 1740 1500 - 1660 1950 - 2130
U. wilsoniana 790 920 710 - 790 - 920
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americana were comparable in lengths. Although the length
range for MLT in U. rubra was similar to that of U. americana,
this trace was slightly shorter than its corresponding LLT.
In U. americana MLT's were appreciably longer than the MLT's
of other species. The RLT of U. rubra was found to be longer
than the other two traces. In U. americana the LLT was longer
than the other two traces with MLT’s and RLT’s having
approximately the same length.
The shortest leaf trace lengths were found in U. parvi-
folla and U. wilsoniana (Table 4). In each of these species
all three leaf traces were nearly equal in length. In the
other species relationships between leaf trace lengths essen¬
tially paralleled those found in U. americana. As shown in
Table 4, LLT's for these species, U. alata. U. carpinifolia,
U. glabra, U. hollandica. and U. pumlla were typically longer
than the other two traces. In U. carpinifolia. glabra,
and U. pumila, MLT’s and RLT’s were of comparable lengths.
In U. alata LLT’s and MLT’s were of comparable lengths with
the RLT’s shorter than the other traces. In U. hollandica
the MLT was shorter than the other two traces with the LLT
being the longest.
Leaf Trace Structure and Organization
The vascular structure and elemental organization in
leaf traces of Ulmus was critically examined in order to
ascertain similarities or differences in number of rows and
types of xylem elements, average vessel diameter and type,
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average number of tracheary elements per row, and distri¬
bution of parenchyma fibers.
Data on these features are the results of observations
made of the first and second nodes of twigs representing each
of the nine species studied. In each instance transverse
sections of median (MLT), left (LLT), and right lateral
traces (RLT) were examined in internodal sections, and made
at comparable levels immediately below the node where the
leaf traces entered the petiole. At these sites each leaf
trace was outside the ring of stelar bundles and was clearly
delineated as a leaf trace unit. Figs. 2C, 3D and 4C repre¬
sent examples of sections used for the study of tracheary
element arrangement, number, and size in leaf traces.
Vessel Distribution in Leaf Traces
Median leaf traces in Ulmus are the largest of the three
and usually contain more vessel rows than either of the other
two traces. As shown in Table 5, the average number of rows
per MLT in U. americana was 10 (Fig. 10). The average number
of vessels per MLT of U. alata and U. pumlla was also
approximately 10 (Figs. 14 - 15). U. wilsoniana was found
to have the largest number of vessel rows per MLT with an
average number of 18 (Fig. 16). U. rubra had 16 vessel rows
per MLT and U. carpinlfolia and U. glabra had 11-12 rows of
vessels in their MLT (Figs. 11 - 12). The lowest number of
vessel rows per MLT was found in U.,parvifolia (Fig. 14).
Each MLT had only 6-7 vessel rows. U. hollandlca was the
Table 5. Average Nvunber of Rows of Vessels and Average Number of Vessels Per Row of
Nine Species of Ulmus. Data Based on Leaf Traces Associated with Second
Nodes of Uniform Age Twigs.
Species LLT MLT RLT
No. vessels
No. rows Per row
No. vessels
No. rows Per row
No. vessels





































U. wilsoniana 9 7-8 18 6-7
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Fig. 10. Transverse sections through leaf traces of
U. americana showing the vessel members of
tracheary elements with width of parenchyma
cells intercalated between selected tracheary
elements. Note Figs. A, B, - median trace
(MT) in high and low level respectively; Fig. C
- left lateral trace (LT); Fig. D - right
lateral trace (RT). X 425.
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Fig. 11. Transverse sections through leaf traces of
U. carpinifolia showing the tracheary elements
in association with the parenchyma. Note
Figs. A, B - median traces (MT) in high and low
level respectively; Fig. C - left lateral trace
(LT); Fig. D - right lateral trace (RT). X 425.
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Fig. 12. Transverse sections through leaf traces of
U. glabra showing the tracheary elements in
association with the parenchyma. Note Figs.
A, B - median traces (MT) in high and low
level respectively; Fig. C - left lateral




Fig. 13. Transverse sections through leaf traces of
U. hollandica showing the tracheary elements
in association with the parenchyma. Note
Figs. A, B - median traces (MT) in high and
low level respectively; Fig. C - left lateral




Fig. 14. Transverse sections through leaf traces of
U. alata and U. parvifolia showing the tracheary
elements in association with the parenchyma.




Fig. 15. Transverse sections through leaf traces of
pumila- and U. rubra showing the tracheary
elements in association with parenchyma. Note




Fig. 16. Transverse sections through leaf traces
of U. wilsoniana showing the tracheary
elements in association with the parenchyma.
Note Figs. A - median trace (MT), B - left
lateral trace (LT), and C - right lateral
trace (RT). X 425.
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next lowest with 8-9 vessel rows per MLT (Fig. 13).
In U. americana and U. hollandica the average number
of vessel rows in the lateral traces was either the same or
was closely similar to the number of vessel rows in the
MLT (Table 5)(Figs. 10 - 13). For U. americana the average
vessel row number in the RLT was the same as that in the
MLT. In the LLT the average number of vessel rows were
slightly less, being 8-9 instead of 10. This feature is
reflected in the similar size noted for these leaf traces
(Fig. 2D). U. hollandica, with a lower average number of
vessel rows in its MLT, 8-9, had a slightly lower and identi¬
cal number, 7-8, of vessel rows in both the LLT and RLT.
A much more striking difference in average number of
vessel rows occurs in the other species of Ulmus studied
when MLTs are compared with the lateral traces. Only one
half of the number of vessel rows of the MLT of U. wilsoniana
is found in the lateral traces. In this species the LLT has
a slightly higher number of vessel rows than the RLT (Table
5) (Fig. 16). U. rubra is next to U. wilsoniana in having
the greatest difference in average niunber of vessel rows
between the MLT and the lateral traces (Table 5)(Fig. 15).
Only 9 rows of vessels are in lateral traces of this species
as compared to 16 in MLTs. Comparable differences occur in
U. carpinifolia, U. glabra, U. alata, and U. parvlfolia when
ratio of vessel rows per lateral trace are compared with
vessel rows per MLT. The lowest average number of vessel
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rows per lateral trace was found in U. parvlfolla (Fig. 14).
As shown in Table 5 only 3 rows of vessels were found in the
RLT of this species and 4 rows in the LLT.
When number of vessels in radial file per row in the
three leaf traces was determined, a more uniform pattern was
found to occur among the nine Ulmus species studied. As
shown in Table 5 the average number of vessels per row in
MLTs varied from 9-10 and 9, in U. hollandica and U. americana
to 5-6 and 6-7 in U. alata and U. parvifolia. respectively.
Only slight differences in numbers of vessels per row in la¬
teral traces were noted.
Some variation in number of vessels in radial file per
row was noted in lateral traces when the location of the
trace in relation to its associated node was considered. In
U. americana lateral traces were found to have more vessels
per row in traces recently departed from the stele. A smaller
nvimber of vessels were present in these traces when they were
located outside the stele in the cortex. The number of
elements in median traces of U. americana were nearly constant
regardless of the vessel of this trace and its relation to
the stele.
Variations in Type and Size of Vessels in Leaf Traces
When classified on the basis of wall sculpturing pattern,
vessels in leaf traces were found to be primarily of 4 types.
The types, namely, annular, spiral, scalariform, and reti¬
culate are characteristically associated with primary xylem.
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Those vessels that are of the annular, spiral, and
scalariform types were considered to represent the proto-
xylem of the leaf traces. Typically, the elements were nar¬
row in diameter and made up the innermost radial elements in
vessel rows. Vessels in the outmost zone of vessel rows
were considered to represent the metaxylem. They were mostly
scalariform or reticulate with a few, near the outer tangen¬
tial end, of the vessels being pitted in nature. The distri¬
bution of vessel types in leaf traces and in the petiole of
the species studied are presented in Table 6.
Annular types of vessels were found in leaf traces of
4 of the species of Ulmus studied, namely, U. alata, U.
americana, U. carplnlfolla (Fig. 17), and U. wilsoniana
(Fig. 18). Generally, these elements were narrower in dia¬
meter than the size of the other vessel type. U. alata
annular thickened vessels were the smallest in diameter,
averaging 6.5 microns. In U. wilsoniana annular elements
were twice the diameter of those in U. americana traces and
broader than in any other species. As shown in Table 6 no
annular elements were found in the other 5 species.
Spirally thickened elements were found in leaf traces
of all species (no data included on U. parvifolla) except
holla-ndica. The smallest vessel diameters for spirally
thickened elements were found in U. alata and the largest
were found in U. rubra and U. wilsoniana (Table 6). Diame¬
ters of spirally thickened elements were intermediate between
Table 6. Comparison of Vessel Types and Diameters in Leaf Traces and Petioles of
Eight Species of Ulmus.
Species Vessel Types and Diameters (pm)
Annular Spiral Scalariform Reticulate Pitted Ltn
U. ala. 6.5 6.5-9.1 13.0 15.6 TS
13.0-16.9 TP
U. am. 7.8 13.0 14.3-23.4 15.6 TPS
U. carp. 9.1 13.0 14.3-23.4 TPS
U. gla. 13.0 19.5-26.0 TP
13.0-19.5 TS
U. holl. 13.0-26.0 13.0 TP
26.0 TS
U. pum. 10.4 15.6-19.5 9.5-15.6 9.1 TP
U. rub. 22.1 22.1 12.3 TP
15.6-26.0 19.4-22.5 TS
U. wils. 13.0 19.5 26.0-32.5 TPS
Single figures represent average size
Ltn - Location; TP - Traces in petiole; TS - Traces in stele; TPS - Traces in petiole
and stele; No data included on U. parvifolia
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Fig. 17. Longitudinal sections through leaf traces
of Ulmus showing the types of wall sculpturing
and diameters of vessel members in tracheary
elements. Note Figs. A - U. alata, B - U.
amerlcana, C - U. carpinifolia and D - U.
glabra. An - annular, Sp - spiral, Sc -
scalariform, and Re - reticulate. X 1650.
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Fig. 18. Longitudinal sections through leaf traces
of Ulmus showing the types of wall
sculpturing and diameters of vessel members
in tracheary elements. Note Figs. A - U.
hollandica, B - U. pumlla, C - U. rubra
and D - U. wilsoniana. An - annular (wanting),




these two extremes in the other species.
Scalariformly thickened vessels were present in leaf
traces of all species. A range in average diameters were
found in eight species. The size varied from 13.0 to 16.9
ym in jU. alata to 26.0 to 32.5 ym in U. wilsoniana (Table 6).
Vessel diameters of scalariformly thickened elements in
U. glabra were next in size to U. wilsoniana.
Reticulate elements were present in leaf traces of
four species, namely, U. alata, U. americana, U. glabra, and
U. rubra, but were not found in leaf traces of the other
species. In U. hollandica. U. pumila and U. rubra they were
found in petiole traces but not in stelar leaf traces of
trese species except U. rubra. However, such reticulate
elements were found in both leaf and petiole traces in U.
americana and U. rubra.
Diameters of reticulately pitted vessels were typically
smaller than their contiguous scalariformly thickened vessels.
The reticulate vessels with the largest diameter were found
in U. rubra. The smallest vessels of this type were found
in y. pumila.
Pitted elements were found only in leaf traces of U.
hollandica and U. rubra and in petiole traces of U. pumila.
The smallest diameter reticulate elements were found in the
petiole traces of U. pumila and the largest diameter reticu¬
late elements were in leaf traces of U. hollandica.
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Average Vessel Diameters in Elm Leaf Traces
Diameter measurements were made of the largest size
vessels occurring in vessel rows of leaf traces in selected
transections from the first and second nodes of each elm
species studied. Three vessels per row in a leaf trace were
selected for the measurements. The results obtained are
present in Table 7. Vessels with the largest diameters for
median traces were found in U. rubra. Average diameters in
this species ranged from 19.1 to 26.0 ym. Average diameters
for MLT vessels in U. amerlcana. U. wilsoniana and U.
hollandica were slightly smaller, ranging from 17.8 to 22.9
ym, 16.5 to 22.5 ym, and 22.1 ym, respectively. Vessels in
MLTs of U. carpinifolla and the smallest diameters, the
average diameter being 12.1 ym.
For lateral traces of the 9 elm species, the largest
average diameter was found in U. amerlcana and U. wilsoniana.
LLTs had vessels with diameters of 26.0 ym in U. amerlcana
and 19.9 ym in U. wilsoniana. Vessels in RLTs averaged 17.8
ym in U. amerlcana, U. carpinifolla. and U. parvifolla.
Measurements were taken of vessels in the metaxylem re¬
gion of the leaf traces. Although measurements were not taken
of protoxylem elements, their diameters were commonly compared
with those of the metaxylem. These elements were always
noted to be smaller in diameter than the metaxylem elements
in the same rows or in other rows.
Parenchyma Distribution in Leaf Traces
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Table 7. Maximum Sizes (ym) of Vessel Diameters in Metaxylem
Regions of Leaf Traces of Nine Species of Ulmus.
Species Vl V2 V3 Average LTS
U. alata 13.0 16.9 14.3 14.7 MLT
13.0 13.0 11.7 12.6 LLT
10.4 13.0 15.6 13.0 RLT
U. americana 26.0 23.4 19.5 22.9 MLT
19.5 19.5 18.2 19.0 MLT
18.2 19.5 15.6 17.8 MLT
24.7 26.0 27.3 26.0 LLT
20,8 18.2 14.3 17.8 RLT
U. carpinifolia 13.0 10.4 13.0 12.1 MLT
16.9 15.6 15.6 16.0 LLT
13.0 13.0 14.3 13.4 RLT
U. glabra 18.2 16.9 15.6 16.9 MLT
13.0 15.6 15.6 14.7 LLT
15.6 13.0 11.7 13.4 RLT
U. hollandica 23.4 22.1 20.8 22.1 MLT
18.2 19.5 19.5 19.1 LLT
18.2 18.2 16.9 17.1 RLT
U. parvifolia 13.0 14.3 15.6 14.3 MLT
13.0 15.6 13.0 13.9 LLT
11.7 13.0 11.7 12.1 RLT
U. pumlla 15.6 18.2 16.9 16.9 MLT
13.0 18.2 16.9 16.3 LLT
15.6 18.2 14.3 16.0 RLT
U. rubra 19.5 19.5 18.2 19.1 MLT
20.8 26.0 24.7 23.8 MLT
24.7 27.3 26.0 26.0 MLT
15.6 18.2 22.1 18.6 LLT
20.8 19.5 19.5 19.9 RLT
u. wilsoniana 15.6 18.2 15.6 16.5 MLT
19.5 19.5 22.1 20.4 MLT
22.1 22.1 23.4 22.5 MLT
26.0 18.2 15.6 19.9 LLT
26.0 26.0 26.0 26.0 RLT
Vl , V2 and Vg - Vessels in metaxylem region of leaf traces
LTS - Median and two lateral traces
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Differences were noted in the pattern of distribution
of parenchyma between rows of tracheary elements. In leaf
traces of some species parenthyma rows were distinctly
broader tangentially than in others. The width of parenchyma
cell rows varied from one to four cells. For example, in
U. alata and U. carpinifolia the number of parenchyma cells
intercalated between vessel rows ranged between 3-4 and 4-5
(Table 8). A much lower number of parenchyma cells were
found between rows of vessels in leaf traces of U. pumlla.
U. rubra, and U. wilsoniana. No more than 2 rows of cells
were present between vessel rows in these species.
74
Table 8. Average Number of Parenchyma Cells Intercalated
between the Rows of Tracheary Elements of Nine
Species of Ulmus. Data Based on Leaf Traces Associ
ated with Second Nodes of Uniform Age Twigs.
Leaf Traces (No. of Cells)
Species LLT MLT RLT
U, alata 4-5 3-4 4-5
U. americana 2-3 2-3 3-4
U. carpinifolia 3-4 3-4 2-3
U. glabra 2-3 2-3 2-3
U. hollandica 2-3 2-3 2-3
U. parvifolia 2 2-3 2
U, pumila 1 1-2 1
U, rubra 1-2 1-2 1-2
U, wilsbhiana 1-2 1-2 2-3
CHAPTER V
DISCUSSION
In these studies the trilacunar nodal condition reported
to occur in Ulmus by Richardson and Frederick (1964) for U.
americana and U. pumila, and by Smithson (1954) for U.
hollandlca has been confirmed for other elm species. The
overall pattern followed by the three leaf traces in terms
of their insertion into or departure from the stele has been
found to be generally similar in all species. For example,
in all species studied the median trace is inserted into the
stele directly below the leaf petiole that it furnishes. Its
course upward through the cortex follows a rather steep verti¬
cal angle and at the point on the stem where the petiole is
attached it bends sharply and enters the base of the petiole.
In some species the median trace is divided and in others it
remains single.
Lateral traces are inserted into the stele at points in
the stelar cylinder that are approximately 90 degrees from the
location of the median trace and they occupy positions direct¬
ly opposite each other. The course generally followed by the
lateral traces varies. After emerging from the stelar cylin¬
der the right lateral trace follows a relatively straight
course as it passes through the cortex and approaches the
base of the petiole. The left lateral trace follows a dif¬
ferent course, however, Its path is described as more
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"undulating" for it rises to a point and follows a course
that is in a nearly horizontal plane as it passes through
the cortex to enter the petiole base. It has been of in¬
terest to note, however, that the leaf trace that follows
this course varies with the node. At one node it is the
left lateral that is undulating. At the next node above or
below that node it is the right lateral that follows such a
course. This trace pattern appears to be related to or be
influenced by the axillary bud. As previously indicated the
axillary bud in Ulmus species is eccentrically positioned in
the leaf axis. Elm trees have a 1/2 phyllotaxy. Regardless
of the alternating leaf position on the side of the stem the
buds are always located in the same plane and the same side
of a twig. In other words, at one node the bud may be posi¬
tioned slightly to the left of the leaf axis and is on the
same side as the left lateral. At the next node, where the
leaf is positioned 180° from the one above or below it, the
bud is located on the same face of the stem as the previous
one and is on the side of the right lateral. In this type
of nodal arrangement the undulating leaf trace for the first
bud would be the left lateral and the undulating trace for
the next bud would be the left lateral.
The morphogenetic significance of the correlation of
this trace pattern with axillary bud position is unknown.
Apparently in some soecies of Ulmus axillary bud development
exerts an influence on the pathway followed by its adjacent
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leaf trace as this trace differentiates in the internodal
region.
It is of interest to note, however, that of the nine
Ulmus species studied four did not have undulating lateral
traces at their nodes. These species were U. carpinifolia,
U. glabra, U. parvlfolia and U. pumlla. All lour of these
species are of Asiatic or Eastern European origin. Of the
five species with an undulating leaf trace at their nodes,
all appear to be of western hemisphere origin. Possibly the
eccentric positioning of axillary buds correlated with the
occurrence of undulating leaf traces represents a manifesta¬
tion of affinities in species relationships. This is a mat¬
ter that is worthy of further study.
In addition to the variations in leaf trace pattern
noted, some variations were also noted in leaf trace length,
when elm species were compared. U. americana and U. rubra
were found to have the longest overall lengths of all leaf
traces. The left lateral trace tended to have the longest
overall length in each species except U. rubra. In this
species the right lateral had the longest overall length.
In all species the median trace tended to be shorter than
either lateral trace.
There appears to be no clear cut relationship between
this feature of leaf trace length and Dutch elm disease
resistance. For example, U. pumila and U. parvlfolia are
both known to be highly resistant to the Dutch elm disease
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and U. americana is highly susceptible. Although the
shortest leaf trace lengths were found in U. parvifolia
and the longest in U. americana and U. rubra, the essen¬
tially immune U. pumila has leal trace lengths appreciably
longer than U. parvifolia and has leaf traces similar in
length to U. glabra and U. carpinifolia, both Dutch elm
disease susceptible. Leaf trace length alone may not be
a significant anatomical factor in Dutch elm disease
resistance.
Of key significance in this study are the findings on
similarities or differences in leaf trace structure. It was
postulated that should there be an anatomical basis for Dutch
elm disease resistance they would be manifested in the
structural features of the leal traces.
Since vessels represent the principal pathway for water
transport in leaf traces, critical observations were made on
vessel numbers, arrangement, diameters, and wall sculpturing
features in each species. U. americana and U. wilsoniana were
found to possess the highest average number of vessels per
leaf trace of all of the species. In U. americana each leaf
trace consisted of 9 or 10 rows of vessels with 8-10 vessels
in each row. In U. wilsoniana the lateral trace consisted
of 7-9 rows of vessels with 6-8 vessels in each row. The
median trace in this species was divided and consisted of 18
rows with 7-8 vessels in each row. U. parvifolia traces
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contained the lowest number of vessels of all the species
studied. Only 3-4 rows of vessels were in the lateral
traces and 5-7 vessels were present per row. From 6-7 rows
of vessels were present in the median trace with 6-7
vessels per row.
The significance of vessel number, as reported in this
study, to Dutch elm disease resistance or susceptibility is
unclear. Both of the highly disease resistant species have
decidedly lower numbers of vessels per leaf trace than the
more susceptible ones. However, U. alata. a moderately sus¬
ceptible species, has numbers of vessels in leaf traces that
are comparable to those found in U. pumila and U. parvifolia.
As noted previously a comparison of average vessel dia¬
meters of the species studied revealed distinctive differences
between species. U. americana. U. rubra, and U. wilsoniana
were found to have the largest average vessel diameters and
U. parvifolia had the smallest. The vessel size in U.
carpinifolia and U. alata were comparable to those of U.
parvifolia. When this feature is compared with disease
resistance and susceptibility, those species that tend to be
resistant appear to have, on the average, smaller vessel
diameters and more susceptible species have broader vessels.
When vessel types in leaf traces of susceptible species
were compared with resistant species the principal differences
noted were in the distribution of annular and pitted vessels.
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Annular elements were present in leaf traces of U. ameri-
cana, U. carplnifolla, U. alata, and U. wlnsoniana. They
were absent in leaf traces of all other species. Pitted
elements were present in traces of U. hollandica, U. pumila,
and U. alata. They were absent in all the other species
studied. Tracheary element features in leaf traces of
parvlfolia were not studied for this discussion.
These data suggest that in species where the more
highly specialized type of vessel element occurs in leaf
traces there may be a tendency towards greater disease resis¬
tance. Even though both U. hollandica and U. rubra had
pitted elements in their leaf traces the average diameters of
these elements was markedly larger than the diameters of
U. pumila vessels.
Xylem parenchyma appears to play a significant role in
the overall Dutch elm disease syndrome. Parenchyma cells ad¬
jacent to vessels may form tyloses that occlude vessel
lumina, or they may be the source of gums, mucilages, etc,,
that also interfere with water transport. Where the patterns
of parenchyma distribution in leaf traces of the nine species
were compared, as previously noted, differences were found.
U. alata leaf traces contained the largest average number of
parenchyma cells between the vessel rows. U. pumila traces
contained the lowest number. U. carpinifolia and U. americana
contained the next highest numbers of parenchyma cells.
Parenchyma distribution in leaf traces may represent a
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significant anatomical feature that contributes to Dutch
elm disease resistance or susceptibility. Low number of
leaf trace parenchyma is correlated with higher number of
vessels per leaf trace. The higher number of vessels would
enhance the water transport capacity of the leaf trace.
Additionally, high number of vessels would result in a reduc¬
tion of the percentage of vessels that might become occluded
due to Dutch elm disease which induced vascular dysfunction.
This feature would also favor better water transport capacity.
Another way in which larger numbers of leaf trace parenchyma
cells would contribute to Dutch elm disease proneness is
through the elaboration of mucilages and gum, and the develop¬
ment of tyloses. A low number of parenchyma cells results in
a marked reduction of numbers of vessels that would have sur¬
face contact with walls of adjacent parenchyma cells. Vessels
removed from such contact would remain free of tyloses and
would be less likely to have occluding materials secreted
into this lumina.
The data obtained from this study provides interesting
but still inconclusive results in relation to nodal anatomi¬
cal features and Dutch elm disease resistance. However, U.
americana, representing an example of maximum susceptibility
was compared with U. pumila and U. parvifolia, representing
examples of maximum resistance. They might be compared on
the basis of five features, namely, leaf trace lengths, vessel
types, vessel numbers in leaf traces, average vessel size, and
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parenchyma cell abundance. In U. amerlcana leaf trace
lengths are long, vessel numbers per leaf trace are high,
vessel diameters are broad, leaf trace parenchyma is abun¬
dant, annular vessels are present and pitted vessels are
absent. In U. pumila and U. parvlfolla leaf trace lengths
are short, there is a low number of vessels per leaf trace,
vessel diameters are narrow, leaf trace parenchyma is sparse,
annular vessels are absent and pitted vessels are present.
There is a question, however, as to whether or not the
features noted would contribure in any substantial way to
Dutch elm disease resistance or susceptibility. Instead of
differences in anatomical structure being the key to resis¬
tance it may be that the chemical environment of the xylem
is of greater significance. However, since vascular dys¬
function appears to be of primary importance in the Dutch
elm disease syndrome, Xylem anatomy is apparently a major
factor in disease resistance.
CHAPTER VI
SUMMARY
The objective of this study has been to investigate the
nodal structure of nine elm species and note significant
observable differences in anatomical structure between the
resistant and susceptible species. All the observations were
made from paraffin-embedded materials from which transverse
and longitudinal sections were prepared.
The node region of elm tree is ultimately associated with
the eccentric bud and positioned petiole of leaf by the close
relationship of their vasculature. This primary vascular
system is characterized by the presence of three leaf traces,
a median and two lateral traces. In the stem of U. americana
below the node about 0.5-1.0 mm each lateral trace emerges
originally from a position 90 degrees from the median trace
and directly opposite each other. They were found to depart
respectively from the stele to leaf petiole, or conversely
enter the stele from the petiole.
In U, americana the odd-numbered nodes, counting downward,
are characterized by undulating left lateral traces in asso¬
ciation with eccentric buds, and the reverse is true for the
right lateral traces at the even-numbered nodes. The median
traces of American elm are typically divided. Some variations
in the nodal features involving the MLTs and the position of
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the undulating leal traces are noted when the other elm
species are compared with U. americana. In only two of the
species studied, U. rubra and U. wilsoniana were the median
traces found to be divided. The occurrence of the undulating
leaf trace at corresponding nodes of the several species also
differed. In the American elm the undulating trace at the
second node represents the RLT. The occurrence is the same
in U. alata, U. hollandica. and U. wilsoniana. Conversely,
in U. rubra the undulating trace at this node is the LLT. In
U. carpinifolia. U. glabra, U. parvifolla and U. pumlla none
is undulating in nature.
When lengths of individual leaf traces are compared at a
node or successive nodes, leaf trace lengths are noted to
differ. It may be noted that at the first and second inter¬
nodes of American elm the MLT and RLT are essentially the same
lengths. The average length of the LLT is appreciably greater.
However, comparable variations are noted to occur at the lower
nodes. Leaf trace lengths would become progressively longer as
the corresponding nodes turned out more distal from the shoot
apex. Significant differences have been found in general leaf
trace lengths between species, and individual leaf trace
lengths within species. U. americana and U. rubra have been
found to have the longest of each of the three leaf traces.
The shortest leaf trace lengths have been found in U. parvi-
folia and U. wilsoniana. The relationship of leaf trace
lengths between the two extremes are the other species.
85
As noted in leaf traces of elm trees, median traces
were found to be the largest of the three and usually have
more vessel rows than either of the other two lateral traces.
In U. americana the average vessel row numbers of the undula¬
ting leaf trace at second nodes were found to have as many
as that in the MLT. Many differences in average number of
vessel rows occur in the other species of Ulmus studied when
MLTs are compared with the lateral traces. Almost one half
of the number of vessel rows of the MLT of U. wilsoniana was
found in the lateral traces. U. rubra is next to U. wilsoniana
in having the greatest difference in average number of vessel
rows between the MLT and the lateral traces. The lowest
average nximber of vessel rows per lateral trace was found in
U. parvifolia.
Some variations in number of vessels in radial file per
row was noted in lateral traces as the location of the trace
was considered in relation to its associated node, but the
number of elements in median traces of U. americana was
nearly constant regardless of the level of this trace and
its relation to the stele.
Vessels in leaf traces of Ulmus were found to be primari¬
ly of four types, namely, annular, spiral, scalariform, and
reticulate. Those vessels that were of the annular, spiral,
and scalariform types were considered to be the early-formed
protoxylem of the leaf traces. Typically, the elements were
narrow in diameter and contained in the innermost radial
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elements in vessel rows. Vessels In the outermost zone
of tracheary elements which were considered to represent
the metaxylem were mostly scalariform or reticulate with
a few, near the outer tangential end, of the vessels being
pitted in nature. Annular type of vessels were found in
leaf traces of four of the species of Ulmus studied, namely,
U. alata, U. amerlcana. U. carpinifolia and U. wilsoniana.
These elements were narrower in diameter than the size of
the other vessel types. Spirally thickened elements were
found in leaf traces of all species except U. hollandica.
Scalariformly thickened vessels were present in leaf traces
of all species and contained in the protoxylem and metaxylem.
Reticulate elements were present in leaf traces of four
species, namely, U. alata, U. americana. U. glabra, and U.
rubra, but were not found in leaf traces of the other species.
Diameters of reticulately pitted vessels were typically smal¬
ler than their contiguous scalariformly thickened vessels.
In comparing the studied species the size of tracheary ele¬
ments of leaf traces in U. americana, U. rubra and U.
wilsoniana was found to be the largest of the vessels, but
the smallest size was found in leaf traces of U. alata,
U. pumila, and U. parvifolia.
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